Overexpression of foreign proteins in Escherichia coli often leads to the formation of inclusion bodies (IBs), which becomes the major bottleneck in the preparation of recombinant proteins and their applications. In the present study, 36 proteins from IBs were refolded using a simple refolding method. Refolding yields of these proteins were defined as the percentage of soluble proteins following dilution refolding in the amount of denatured proteins in the samples before diluting into refolding buffer. Furthermore, a mathematical model was deduced to evaluate the role of biochemical properties in the protein refolding. Our results indicated that under the experimental conditions, isoelectric point of proteins might be mostly contributing to the high efficacy of protein refolding since the increment of one unit resulted in a decrease of 14.83% in the refolding yield. Other important mediators were components of protein secondary structure and the molecular weight (R 2 5 0.98, P 5 0.000, F-test). Six proteins with low efficiency in the protein refolding possessed relatively low isoelectric points. Furthermore, refolding yields of six additional proteins from IBs were predicted and further validated by refolding the proteins under the same conditions. Therefore, the model of protein refolding developed here could be used to predict the refolding yields of proteins from IBs through a simple method. Our study will be suggestive to optimize the methods for protein refolding from IBs according to their intrinsic properties.
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Introduction
Recombinant DNA technique has made it possible to prepare proteins in huge quantities in host cells, such as Escherichia coli cells, for diagnosis or industrial applications [1] . Compared with other expression systems, E. coli expression system is the most desirable with its advantages in the inexpensive substrates, rapid biomass accumulation, high-density fermentations and simple process scale-up [2, 3] . However, target proteins overexpressed in this system often fold incorrectly, which results in the aggregation of proteins known as formation of inclusion bodies (IBs). Therefore, refolding of proteins from IB in vitro is necessary to gain their native conformations and biological properties [4, 5] . However, in the refolding process, there exit the aggregation of unfolded or misfolded proteins, which always leads to the reduction of the final efficiency on protein preparation. The average yield of the bioactive protein from IBs is about 15 -25% of the total proteins [6] [7] [8] . It is now suggested that the formation of protein aggregation is mainly determined by certain parameters, such as the composition of the culture media, growth temperature, production rate and the availability of heat-shock chaperones [9, 10] . In addition, the protein characteristics such as polypeptide size, phylogenetic origin, secondary structure content, isoelectric point ( pI), hydrophobicity, in vivo half-life, frequency of dipeptide or tripeptide within the sequence and fraction of turn-forming residues were considered to be involved in the propensity of aggregation forming [11, 12] . Concerning to the factors that affect refolding progress in vitro, solvent properties (optimum pH, ionic strength and possible additives), refolding temperature and protein concentration as well as protein characteristics [8, [13] [14] [15] can be largely involved. Until now, many methods have been developed for protein refolding from IBs in vitro, such as dialysis, dilution, chromatographic refolding, and highpressure treatment, etc. [16] [17] [18] [19] [20] [21] . Due to the complexity and diversity of proteins, the refolding efficiency of protein refolding from IBs is definitely variable. Several attempts have been made to predict this process [14, 22] . But there still exists uncertainty for the prediction of refolding proteins from IBs.
In the present study, we intended to explore the protein characteristics, which might affect the yields of protein refolding from IBs in vitro. Based on the properties of 30 proteins refolding efficiently from IBs, a statistic model was suggested to explain the relationship between refolding yield and protein characteristics. The yields of additional six proteins expressed in the form of IBs were compared between the predicted and validated values.
Materials and Methods
Materials pET22b plasmid (Merker, San Diego, USA) and E. coli BL21(DE3) strain (Novagen, Gibbstown, USA) were used as expression vector and host strain, respectively. The unstained protein molecular weight (MW) marker was obtained from Fermentas (Burlington, Canada). All other chemicals were of analytical grade and from Bio Basic Inc (Toronto, Canada).
Guanidine hydrochloride (GdnHCl) and urea for protein solubilization were the products of Sigma (St. Louis, USA). Forty-two recombinant expression vectors for different proteins were constructed by National Engineering Center for Biochip at Shanghai (Shanghai, China).
Protein expression in E. coli Briefly, the PCR products of target genes were cloned into pET22b and confirmed by nucleotide sequencing (data not shown). A single colony of freshly transformed BL21(DE3) was picked up from a Luria-Bertani (LB) agar plate and inoculated into 5 ml of the LB medium (1% tryptone, 0.5% yeast extract, and 1% NaCl) containing 100 mg/ml ampicillin. The solution culture was conducted at 378C with orbital shaking overnight (250 rpm; shaking diameter, 26 mm). The culture mixture was then inoculated into fresh LB medium (1:40 dilution) containing 50 mg/ml ampicillin and incubated at 378C for 2 h. When the OD 600 reached 1, the expression of recombinant protein was induced by 0.2 mM IPTG and incubated for another 4 h at 378C. The cells were harvested by centrifugation at 17,000 g for 5 min at 48C. The cell pellets were stored at 2208C overnight. Proteins proportion and purity were determined by SDS-PAGE.
Isolation of IBs
For the IB isolation, the frozen bacterial pellets from 200 ml culture were thawed on ice and resuspended in 30 ml cold buffer containing 50 mM Tris-HCl and 1 mM EDTA ( pH 8.0). Cells were lysed by 150 cycles of sonication at 40 W (3 s working and 4 s resting on ice for one cycle) on Sniprep KS-250 (NingBo XinZhi, Ningbo, China) and centrifuged at 17,000 g for 20 min at 48C. The supernatants were discarded and the IB pellets were retained. These pellets were exhaustively washed with the detergent wash solution [50 mM TrisHCl, 50 mM NaCl, 2.0% (v/v) Triton X-100, 2 mM 2-mercaptoethanol, and 2 M urea, pH 8.0] at 48C and then washed once with 50 mM Tris -HCl buffer ( pH 8.0) by centrifugation at 17,000 g for 20 min at 48C.
Solubilization and refolding of proteins from IBs
The collected pellets were resuspended with denatured buffer I (50 mM Tris-HCl, 50 mM NaCl, 1 mM EDTA, 100 mM 2-ME, and 7 M GdnHCl) for 15 min at room temperature and then centrifuged at 30,000 g for 30 min at 48C. The insoluble debris was discarded and the supernatants were diluted with diluted buffer (50 mM Tris-HCl, 50 mM NaCl, 1 mM EDTA, and 100 mM 2-ME, pH 8.0) until all soluble proteins precipitated again. The precipitates were collected by centrifugation at 30,000 g for 20 min. Washed with the 50 mM TrisHCl buffer, the precipitates (mainly target proteins) were dissolved for the second time with denatured buffer II (50 mM Tris-HCl, 150 mM NaCl, 100 mM 2-ME, and 8 M Urea, pH 8.5) and incubation at room temperature for protein solubilization. The solubilized proteins were centrifuged at 30,000 g for 30 min at 48C and the precipitates were removed carefully. Eighty-fold volume of refolding buffer (20 mM Tris-HCl, 150 mM NaCl, 1 mM reduced glutathione, and 0.1 mM oxidized glutathione, pH 8.0) was added in the denatured proteins solution (8.0 mg/ml as working concentration). The refolding buffers were incubated overnight under constant stirring on magnetic stirrers at 48C. Protein concentrations were measured by Bradford method [23] after centrifugation at 17,000 g for 20 min at 48C and their purities were determined by SDS-PAGE. Refolding yield is formally defined as the percentage of soluble protein following dilution refolding, as assessed by Bradford assay, in the amount of denatured protein in the sample before dilution into refolding buffer.
SDS-PAGE
SDS-PAGE was carried out on 12.5% (w/v) acrylamide gel in a discontinuous Laemmli system on the Tanon EPS300 (Bio-Tanon, Shanghai, China) at 120 V for 1.5 h. The protein samples were prepared with 2 Â SDS loading buffer and incubated at 908C for 5 min. Protein bands were visualized by staining with Coomassie brilliant blue R-250 and analyzed using an Image Scanner (Tanon GIS2010).
Characterization of proteins All 42 tested proteins were characterized by using the ProtParam tool (http://www.expasy.org/tools/protparam. html) and the Hierarchical Neural Network method (http ://npsa-pbil.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_nn .html), including MW, isoelectric point (pI), hydrophobicity, the amount of cysteine residues and secondary structure contents, etc.
Statistical modeling of protein refolding from IBs
Protein properties and refolding yields were analyzed by statistical software (Eviews 3.0). Among the modeling samples, one was used for the endpoint adjustment, others were used for the observation. Experience formula and regression analysis were run by least square method. Estimation with AR errors was run after significant analysis. Convergence was achieved after eight iterations. T-statistic and F-statistic were used for evaluating the significance of every single factor and the whole equation respectively. Prob (F-statistic) under 0.05 were considered passing test. The predictive yields of the modeling IBs were calculated by the computer.
Validation of statistical model
For validation, six proteins expressed in the form of IBs were selected according to their theoretical pI and refolded under the conditions mentioned above. Refolding yields were compared between their theoretical and experimental values.
Results
Expression, isolation and refolding of recombinant proteins All the proteins in this study were originated from Homo sapiens and had important biological functions. All the His 6 -tagged recombinant proteins were expressed in IBs in E. coli system and further refolded under the same procedures. The percentage of target proteins in the total cell lysates was 20-30%, and increased to about 70% in the total proteins from IBs (data not shown). In the first batch, 36 proteins from IBs were refolded and divided into two groups according to their refolding yields (Fig. 1) . In Group I, the refolding yields of 30 proteins from IBs had reached up to 90% (Table 1) , which implicated that these proteins were highly soluble after refolding as there were few aggregates during the refolding process. The remaining six proteins were classified under Group II where their refolding yields were near or lower than 70% ( Table 2 , No. 31-36), which was consistent with the observation that there existed massive aggregates during the refolding process (Fig. 1) .
Characterization of proteins
In order to construct the model for the protein refolding from IBs, first of all the characteristics of these proteins need to be determined that might play roles in the protein refolding. Factors including MW, pI, hydrophobicity, cysteine residue number, a-helix, b-strand and b-turn were defined based on the primary structures ( Tables 1 and 2 ). The MWs of 36 proteins investigated were from 9.4 to 86.2 kDa, most of which were between 20 and 55 kDa [ Fig. 2(A) ]. According to the refolding yields, the theoretical pI of the IBs was divided into either .6.0 or ,6.0. All proteins in Group II (refolding yield , $70%) were pI .6.0. The solubility of the refolded protein showed a decrease with the increasing pI [ Fig. 2(B) ]. Most of the proteins were hydrophilic [ Fig. 2(C) ]. The number of cysteine residues in most of the proteins was less than 10 [ Fig. 2(D) ]. Secondary structure analysis of these proteins displayed that proteins in Group II contained more a-helix contents (higher than 50%). Most of the proteins had higher helix contents than sheet contents [ Fig. 3(A) ]. The number of proteins containing b-turn structure in Groups I and II were 21 and 3, respectively [ Fig. 3(B) ], which indicated that proteins in Group I contained more b-turn structure than those in Group II.
Construction of statistical model
Setting refolding yields up to 90% as cut-ff value, 30 proteins were selected for model construction ( Fig. 1 and Table 1 ). The properties that might affect the refolding yields included MW, pI, the amount of cysteine residues and the secondary structure contents. They were analyzed by least square method and the final results were obtained considering the multiple linear regressions. A common regression equation was set up and T-test was carried out for all the parameters. Among the considering characteristics, hydrophobicity and the cysteine residues fail to pass T-statistic, which meant that these two factors had little influence on the refolding yields. Subsequently, simplified model was carried out with AR(1) errors modification ( Table 3 ). The final model was The refolding yields of the 30 proteins from IBs (excluding the endpoint adjustment one) were compared with the predictive results given by the model. As indicated in Fig. 4(A) , all the residuals (difference values between the predictive and experimental yields) were under 5% that demonstrated that there displayed good consistence between the predictive and experimental methods.
Validation of statistical model
To extend the application of above-mentioned predictive model for the protein refolding, the refolding yields of the additional six proteins were predicted accordingly ( Table 2 , No. 37-42). As shown in Fig. 4(A) , the residuals between experimental and predictive values in these proteins were lower than 5%. In fact, these proteins displayed high solubility after refolding that they could be classified under Group I. On the other hand, proteins in Group II ( Table 2 , No. 31 -36), whose refolding yields were lower than 70%, possessed the relatively high pI [ Fig. 4(B) ], indicating that pI played an important role in protein refolding under the given refolding conditions.
Discussion
Refolding of proteins from IBs into bioactive forms is a complex process [15, 16, 20, 21] . In this study, we have totally refolded 42 proteins from IBs using a simple method by dilution. All proteins in this study had the same phylogenetic origin. The genes were cloned into pET22b expression vectors and the proteins were inducibly expressed in E. coli BL21(DE3) strain. Undergoing the preparation and isolation of proteins from IBs with the same conditions, we thus established a mathematical model for the prediction of protein refolding with a good regression (SE of regression ¼ 2.087749) and statistical significance [Prob (F-statistic) ¼ 0.000] according to the data from 30 well-refolded proteins. It needs to be pointed out that contaminating proteins and other components of the host cells in IBs isolation have no significant effects on protein refolding in the reported cases [24, 25] and also in our study.
The factors suggested in this model for efficient refolding were MW, pI, secondary structures and a modification of AR (1) . The value of R-squared (0.983262) showed that the variables listed in the model could be used to explain 98.3262% changes of the yields. The coefficients of MW, pI, secondary structures and AR modification in the predictive formula are 20.000201, 20.148327, 20.028403, 20.058295 and 0.041073, respectively, which indicated that pI was the most important factor among them under such refolding conditions. Accordingly, the increase of one unit was likely to make the refolding yield decreasing up to 14.83%, which suggested that proteins with low pI might be optimal during the refolding with the refolding methods we adapted in our study. This was consistent with the low refolding yields of six proteins (,70%) with high pI value, which were classified under Group II. Further validation analysis with the additional samples displayed that the more high the pI value possessed, the less refolding yields proteins made [ Fig. 4(B) ]. These results verified the most important contribution of pI to the protein refolding. In many cases, the thiol-disulfide exchange reactions between reduced polypeptide and low-MW thiols are generally used to facilitate disulfide bond shuffling in the refolding buffer. Thus, pH values of the refolding buffer are around 8.0-9.5 because of the active thiolate anion. Under a given condition, the difference of protein isoelectric points, to some extant, lead to the difference in the refolding yields. Proteins with pI around 8.0 may thus have the increasing opportunity to aggregate during refolding. Adding some additives such as arginine, glycerol, or polyethylene glycol might help to lower the influence of solution pH on protein refolding [26, 27] . Additionally, considering the complexity of proteins, alternative refolding conditions may be suggestive for better refolding in the future according to the characteristic of individual protein. But the principle of the refolding condition might be similar to our study mentioned here. Second, the increasing number of a-helix or b-strand will also lead to the reduction of refolding yields. This might be due to the fact that with more complicated structure, the proteins would be harder to be refolded correctly. It is interesting that the increasing number of b-turn will enhance the protein solubility during refolding processes. Similar results in the study of ubiquitin refolding were found that b-turn have played a positive role in the early folding [28] . Furthermore, in trypsin inhibitor II study, GPNG b-turn might be an initiation site of protein folding [29] . These findings are consistent with our results. Inverted AR root suggests that some other factors might play important roles in the protein refolding strongly. This still need to be investigated in the future study. But there are some identified clues: elucidation of IB structures has indicated that there exist b-sheet-rich intermolecular assemblies in IBs, which are similar to the architecture found in amyloid fibrils. The formation of aggregation seems to be more dependent on interactions between certain regions rather than the nonspecific hydrophobic interactions [20, [30] [31] [32] [33] . Therefore an in-depth analysis on amino acid sequences of different proteins may help to decipher the exact contributors of AR (1) . Extensive studies on protein refolding especially those that fail to be refolded correctly, will give more evidence on the exact prediction of protein refolding and more importantly, might be helpful for the modification of refolding condition according to this model.
In conclusion, we established a mathematical model of protein refolding. What we have found was that pI was suggested to be the most important factor among protein characteristics during protein refolding from IBs in vitro. A validation assay confirmed that the model developed here could be used to predict the refolding yields of IBs relatively low pI value. This will bring new insights into the development of efficient recovery processes for protein refolding from IBs.
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